High-resolution absolute experimental measurements and two independent theoretical calculations were performed for photoionization of O 1 ions from the 2 P o and 2 D o metastable levels and from the 4 S o ground state in the photon energy range 30-35.5 eV. This is believed to be the first comparison of experiment and theory to be reported for photoionization from metastable states of ions. While there is correspondence between the predicted and measured positions and relative strengths of the resonances, the cross-section magnitudes and fine structure are sensitive to the choice of basis states.
Although the interaction of photons with ionized matter is critically important to our understanding of both astrophysical and laboratory plasmas, experiments to critically test theory have only recently become possible with the advent of third-generation synchrotron light sources of exceptional brightness. In this Letter, the first high-resolution absolute measurements for photoionization of a metastable ion are compared to two new theoretical calculations representative of the current state-of-the-art.
Oxygen is an important constituent in terrestrial and stellar atmospheres, where it is prevalent in atomic and molecular forms, both neutral and ionized. Metastable states of O 1 are produced by photoionization in the F region of the ionosphere [1] and are known to strongly influence the chemistry of the thermosphere [2] . The 2 P o and 2 D o metastable levels of O 1 have mean lifetimes of 14 s and 1.3 h, respectively [3] , and are significantly populated relative to the 4 S o ground state by electron impact [4] . Metastable O 1 ions are therefore abundant in laboratory discharges, ion sources, and beams.
The Opacity Project (OP) [5] is an extensive international collaboration to calculate and compile a database of collisional and radiative properties of all ionization stages of the first ten elements of the periodic table. The first experimental benchmark for photoionization of an ion in the OP database was the recent measurement for C 1 reported by Kjeldsen et al. [6] . The cross-section data for all ionization stages of oxygen in the OP database (called TOPbase) [7] have been updated by improved R-matrix calculations, where results are reported from the groundstate of O 1 [8, 9] , but not from the metastable levels. O 1 is isoelectronic with nitrogen, for which photoionization from the metastable levels has been studied theoretically [10] . In the present investigation, high-resolution absolute cross-section measurements are compared to two in- The theoretical calculations were performed using the R-matrix method [11] . In the close-coupling approximation the core ion is represented by an N-electron system, and the total wave function expansion, C͑E͒, of the ͑N 1 1͒-electron system for any symmetry SLp is expressed as
where A is the antisymmetrization operator, system that account for short-range correlation and the orthogonality between the continuum and the bound orbitals. C͑E͒ is a bound ͑N 1 1͒-electron wave function when the energy E , 0 with all channels closed, and a free or continuum wave function when E . 0 with some or all continuum channels open.
In the first R-matrix calculation ͑A͒, cross sections for the three terms of the ground configuration
were obtained from the closecoupling approximation. Multiconfiguration expansions were employed for the twelve core O 21 states, including orbitals up to 3s, with configurations of the form 2s 2 2p 2 , 2s2p 3 , 2s 2 2p3s, and 2p 4 [9] . The 3p, 3d, 4s, and 4p orbitals used were correlated, allowing one to represent states, such as 2s 2 2p3s͑ 3 P o ͒, which are important in photoionization because they correspond to strong dipole-allowed transitions in the core and enhance the background cross sections. All possible channels with the free electron angular momentum, l # 9, are considered, which generates all prominent resonances in the respective cross sections via channel couplings.
In the second R-matrix calculation ͑B͒, twenty-six states of the O 21 target were retained in the close-coupling calculations for the 4 S o ground state and the 2 D o and 2 P o metastable states. Orbitals were included up to 4d [12] . Again, all the states were represented by multiconfiguration interaction wave functions and the R-matrix calculations were performed with forty continuum functions and a boundary radius of 13.6 Bohr radii. The calculations were performed in LS coupling with scattering wave functions generated by allowing all possible two-electron promotions out of the base 2s 2 2p 3 configuration of O 1 into the orbital set employed. The outer region scattering problem was then solved using a fine energy mesh of 1.36 meV between thresholds in order to delineate the fine resonance structure in the respective photoionization cross sections.
The experiments were carried out on undulator beam line 10.0.1 at the Advanced Light Source using a newly developed ion-photon-beam end station. The photoionyield spectroscopic technique using synchrotron radiation was pioneered by Lyon et al. [13] and applied recently by Kjeldsen et al. [6] . An energy-selected photon beam was merged over a path length of 29 cm with a highly collimated 6 keV O 1 beam produced in a hot-filament discharge ion source. Two-dimensional intensity distributions of both beams were measured by rotating-wire beam profile monitors installed just upstream and downstream of the interaction region, and by a translating-slit scanner in the middle of the region. A downstream analyzing magnet separated the O 21 products from the parent O products onto a biased stainless-steel plate, from which secondary electrons were detected by a microsphere-plate electron multiplier and counted. The absolute efficiency of the photoion detector ͑0.210 6 0.005͒ was determined by measuring the photoion current with an averaging subfemtoampere meter and comparing it to the measured count rate. The photon beam was mechanically chopped to separate photoions from O 21 ions produced by stripping collisions of O 1 with residual gas in the ultrahigh vacuum system. The photon energy and resolution were selected by a precision grating monochromator. The undulator gap in the 1.9 GeV electron synchrotron was set to maximize the photon intensity at each energy. The photon flux was recorded by a calibrated silicon x-ray photodiode, and was typically ͑2 3͒ 3 10 13 photons͞sec at a nominal energy resolution of 20 meV.
Since the discharge in the ion source produces O 1 in both the ground and metastable states, and the lifetimes of the metastable states are much longer than the ion flight time in the apparatus, the measured photoion yields are proportional to a sum of the photoionization cross sections weighted by the population fractions of each component. [14] , the ground-state fraction was determined by fitting a sum of exponentials to the transmitted O 1 current as a function of N 2 pressure. The ratio of the intercepts of the two decay components at zero gas-cell pressure yields a ground-state fraction of 0.43 6 0.02. The electron capture cross sections for the two metastable components are too similar to be distinguishable by this method; only their sum of 0.57 6 0.02 could be determined. A 2 P o fraction of 0.15 6 0.04 was estimated from the ratio of the measured absolute cross section times the 2 P o fraction at a photon energy just above the 2 P o ionization threshold to the theoretical 2 P o photoionization cross section. This leads to an estimate for the 2 D o fraction of 0.42 6 0.05. These values were used to compare the results of the theoretical calculations to the measurements.
The measured photoionization cross section in the photon energy range 30 -35.5 eV is presented in Fig. 1 . The data represent a linear combination of the products of the photoionization cross section times the state fraction for the metastable and ground levels. Steps corresponding to the ionization thresholds [15] for 2 P o , 2 D o , and 4 S o levels are evident at 30.10, 31.80, and 35.12 eV, respectively. The uncertainties in the absolute cross section and energy scale are estimated to be 616% and 60.005 eV, respectively. The Rydberg series of resonances corresponding to 2p ! ns and 2p ! nd excitations to autoionizing levels from the 2 P o and 2 D o metastable levels are identified, along with their series limits, and, together with the three threshold steps, account for all of the observed features. The line shapes for the Rydberg series corresponding to 2p ! nd excitation from the 2 D o state indicate strong interference between the direct and resonant photoionization channels.
The absolute experimental data are compared in Fig. 2  to theoretical calculations A and B reproduces the relative intensities and widths better than theory A, as discussed above, mainly because of a finer energy mesh to resolve the resonances. Small differences are introduced due to differences in the wave functions in the two calculations.
In summary, high-resolution absolute photoion-yield spectroscopy using third-generation synchrotron radiation sources provides a powerful probe of the electronic structure of ions, not only in their ground state but also in metastable states. State-of-the-art theoretical methods for calculating photoionization of O 1 are successful in accounting for the main features of the photoionization process, and for predicting the cross section for photoionization from different initial states. However, the predicted resonance structure associated with the photoexcitation of autoionizing states is sensitive to the choice of basis functions.
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